In cultures of Bacillus subtilis, subjected to different competence regimes, the size of the competent fraction, the amount of DNA absorbed per competent cell and the efficiency of integration have been measured. Supplementation of cultures with competence enhancing amino acids results in a fourfold increase in the frequency of transformation compared to supplementation with casein hydrolysate. The increased transformability in the presence of the competence enhancing amino acids is attributed to a twofold increase in the size of the competent fraction in addition to a twofold increase in the amount of DNA absorbed per competent cell. The efficiency of integration (ratio of the probability of transformation per competent cell and the chromosome equivalent of DNA absorbed per competent cell) is approximately 0.4 in both conditions. On the basis of single strand integration this value is consistent with the finding that in both competence regimes approximately 20 yo of initially absorbed [3H]thymidine-labelled donor DNA is finally retained during subsequent incubation.
The Effect of Competence Regime on Competence, DNA Absorption and Integration of DNA in Cultures of Bacillus subtilis
By C. A. V E R M E U L E N A N D G. VENEMA Genetical Institute, University of Groningen, Kerklaan 30, Haren (Gn) The Netherlands (Accepted for publication 7 February 1972) 
SUMMARY
In cultures of Bacillus subtilis, subjected to different competence regimes, the size of the competent fraction, the amount of DNA absorbed per competent cell and the efficiency of integration have been measured. Supplementation of cultures with competence enhancing amino acids results in a fourfold increase in the frequency of transformation compared to supplementation with casein hydrolysate. The increased transformability in the presence of the competence enhancing amino acids is attributed to a twofold increase in the size of the competent fraction in addition to a twofold increase in the amount of DNA absorbed per competent cell. The efficiency of integration (ratio of the probability of transformation per competent cell and the chromosome equivalent of DNA absorbed per competent cell) is approximately 0.4 in both conditions. On the basis of single strand integration this value is consistent with the finding that in both competence regimes approximately 20 yo of initially absorbed [3H]thymidine-labelled donor DNA is finally retained during subsequent incubation.
I N T R O D U C T I O N
Transformability of bacterial cultures, which can be measured as the frequency of transformed cells resulting from genetic transformation, is determined by a number of parameters: the size of the competent fraction, the DNA absorption capacity of competent cells, the efficiency of the cells to integrate donor DNA and their ability to express the donor phenotype.
Using a specific competence regime, we have recently shown (Vermeulen & Venema, 197 I) that the transformability of cultures at different stages in their development towards maximal competence, as well as variation in transformability between different cultures of Bacillus subtilis are exclusively determined by the size of the competent fraction. However, this does not exclude the possibility that under different conditions other factors involved in transformation may also be amenable to variation.
The object of the present study was to investigate the effect of the nature of the competence regime on the factors determining transformability. Wilson & Bott (1968) have demonstrated that transfection in Bacillus subtilis cultures can be increased approximately threefold if the casein hydrolysate in the culture medium is replaced by a number of selected amino acids. Their results do not reveal, however, whether this effect is due to an increase in the size of the competent fraction or to the amount of DNA absorbed per competent cell. In addition, since competence was measured by transfection, no information concerning variation in the efficiency of integration of donor DNA and its phenotypic expression was obtained. The present results show that in addition to the size of the competent fraction, increase in extinction was only half the value obtained during logarithmic growth. The culture was then diluted twofold with fresh Spizizen's (1958) minimal salts supplemented with glucose (0.5%) only and grown 1-5 h with vigorous aeration.
Assay of radioactivity. After exposure to [3H]thymidine-labelled donor DNA, bovine pancreatio deoxyribonuclease (DNase ; British Drug Houses, Godalming, Surrey) was added to the samples. Subsequently samples were assayed for radioactivity by one of the following two methods: (i) cells were washed by centrifugation three times with fresh medium (15 vol.) Supplemented with non-radioactive thymidine (80 to 160 pglml) at 4 "C and finally resuspended in fresh medium (original volume). Samples (0.1 ml) were lysed with egg white lysozyme (British Drug Houses) (50 ,ug/ml) for 15 min at 37 "C in 20 ml scintillation vials. After adding 10 ml of Bray's (1960) solution the vials were counted in a 725 Nuclear Chicago liquid scintillation counter; (ii) samples (0.1 ml) were washed at 4 "C on membrane filters (Millipore HAWG 02500) with 20 ml of fresh medium supplemented with non-radioactive thymidine (80 to 160 ,ug/ml). Filters were dried at 37 "C, dissolved in 10 ml of Bray's (1960) solution and assayed for radioactivity.
Nuclear content of DNA. The amount of DNA per nuclear area was calculated as the ratio of the amount of extractable DNA of an overnight culture and the number of nuclear areas present. The latter was determined from the number of viable cells and the mean number of nuclear areas per cell. After extraction with phenol and dialysis against standard saline citrate (0.15 ~-NaC1+0.015 M-sodium citrate) the amount of DNA was determined spectrophotometrically with the aid of the diphenylamine reaction (Burton, 1956 ). The number of cells was determined by plating and corresponded with that determined microscopically using a Petroff-Hauser cell counting chamber. No cells growing in chains were observed in the overnight (stationary phase) cultures. The number of nuclear areas per cell was deter-
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mined by light microscopy of cells spread on microscope slides. The slides were dried at room temperature, stained for 3 h in a Giemsa stain solution (2 ml Giemsa, G. T. Gurr, Ltd, Romford, Essex ; 20 ml distilled water and 80 ml tapwater) at pH 6.7 to 6.8 and differentiated in distilled water (roo ml) containing a few drops of acetic acid. Approximately 1000 cells were examined microscopically for the number of nuclear areas per cell.
Transformation procedures, preparation of donor DNA and light microscopic autoradiography of cells exposed to [3H] thymidine-labelled donor DNA. Methods were essentially similar to those described previously (Vermeulen & Venema, rg71) , except that cultures exposed to [3H)thymidine-labelled donor DNA have been supplemented with non-radioactive thymidine (80 to 160,rtg/ml) at the time of addition of DNA.
RESULTS
Transformability of cultures made competent by diflerent methods
As shown previously (Vermeulen & Venema, 1g71) , the variation in transformability of cultures Qf Bacillus subtilis grown to competence under a specific set of conditions can be fully accounted for by variation in the size of the competent fraction. In addition to this variation the first two columns of Table I show that transformability of recipients grown to competence by method B for the ade and trpC2 markers is on the average approximately 4 x higher than that of recipients grown to competence by method A. To assess whether this difference is exclusively attributable to differences in the size of the competent fraction, or may additionally be due to other factors, notably the DNA absorption capacity of the competent fraction, the competent fraction was estimated both by autoradiography of samples exposed to [3H]thymidine-labelled donor DNA and by the double marker method of Goodgal & Herriott (1961) in samples exposed to DNA from wild-type bacteria. The amount of donor DNA absorbed per competent cell was determined immediately after the addition of DNase by measuring the amount of [3H]thymidine-labelled DNA absorbed by the recipient culture and determining the size of the competent fraction. The results presented in columns 4,5 and 6 of Table I show that:
(i) the size of the competent fraction of cultures made competent by method B is on the average twice as large as that of cultures made competent by method A;
(ii) the average amount of DNA absorbed per competent cell in cultures made competent by method B is OQ the average approximately twice as large as that in cultures subjected to competence regime A;
(iii) the size of the competent fraction determined from Goodgal and Herriott's method agrees with that estimated from autoradiographs. Apparently, the agreement between the two methods applies both to cultures subjected to a specific competence regime (Vermeulen & Venema, 1g71) , as well as to cultures subjected to different regimes.
These results indicate (a) that the approximately fourfold increase in transformability of cultures subjected to competence regime B is composed of a twofold increase in the size of the competent fraction in addition to a twofold increase in the DNA absorption capacity of the competent cells, and (b) that together the efficiency of integration and the extent of expression of the donor marker phenotype are not affected by subjecting the cultures to different competence regimes. Maximally competent ade t~p C 2 cultures were exposed to either saturating concentrations (3 pg/ml) of wild-type DNA or to [3H]thymidine-labelled thy tyr-1 DNA (specific activity 2.9 x I O~ d.p.m.1 pg) for 30 min at 37 "C in the presence of non-radioactive thymidine (80 pglml). DNase (50 pg/ml) was added for 5 min at 37 "C to prevent further DNA absorption. Transformation frequencies and viable counts were determined by plating. Cells exposed to [3H]thymidine-labelled DNA were washed three times with I 5 vol. fresh medium by centrifugation and resuspended in fresh medium (original volume). The number of viable cells/ml was determined by plating; 0-1 ml samples were lysed with eggwhitelysozyme (50 pg/ml) for 15 min at 37 "C and assayed for radioactivity. The amount of DNA absorbed per competent cell was calculated from the expression R/S/(C x N ) in which R is the radioactivity present in 0.1 ml of the resuspended culture, S the specific activity of the donor DNA preparation, C the fraction of competent cells and N the number of viable cells present in 0 -1 ml of the resuspended culture. The size of the competent fraction was averaged from the data obtained by Goodgal & Herriott's method and those obtained by the autoradiographic method.
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Transformation frequency fraction (%) determined by of DNA (% x w2) To determine the efficiency of integration of transforming DNA, it is necessary to determine the chromosome equivalent of DNA absorbed per competent cell, which, in turn, can be estimated from the DNA content per nuclear area and the amount of DNA absorbed per competent cell. The DNA content per nuclear area was calculated from the amount of DNA extractable from a given volume of culture (wild-type strain 168), the number of cells present and the mean number of nuclear areas per cell as determined by light microscopic examination of stained preparations. The mean DNA content per nuclear body is 1.06 x I O -~ pg or 6.4 x 109 daltons ( The ratio of the frequency of transformation for a given marker and the size of the competent fraction yields the probability of transformation for that marker per competent cell, and is equal to the chromosomal equivalents of genetic information integrated per competent cell, provided that the donor marker is fully expressed. The efficiency of integration, defined as the ratio of chromosome equivalents of genetic information integrated to chro- The number of cells per nil'of overnight grown wild-type cultures was determined by plating. The number of nuclear areas per cell was determined by light microscopic examination of Giemsa stained preparations. After centrifugation, the cells were resuspended in SSC and lysed by incubation with egg white lysozyme (50 ,ug/ml) for 15 min at 37 "C. The DNA containing aqueous phase, prepared as described by Venema e f al. (1965), was dialysed against SSC (48 h at 4 "C). Concentrations of DNA were determined with the aid of the diphenylamine reaction (Burton, 1956 ). The DNA content per nuclear area was obtained as the ratio of total amount of DNA extractable and the total number of nuclear areas present in the culture. mosome equivalents of genetic information absorbed from the medium, was calculated from the chromosomal equivalent of DNA and the data in Table I , and is presented in Table 3 . The efficiency of integration is independent of the competence regime used; employing the Mann-Whitney test (Siegel, 1956 ) the values determined in both competence regimes did not differ significantly ( U = 2 2 , P > 0.10). The efficiency of integration is approximately 0.4. /,ug) for 30 min at 37 "C in the presence of non-radioactive thymidine (160 ,ug/ml) and incubated with DNase (100 pgfml). At various times 0.4 ml samples were washed by centrifugation (3 x 40 vol.) at 4 "C, resuspended in fresh medium supplemented with thymidine (160 ,ug/ml) and collected on membrane filters (Millipore HAWG 02500). Filters were dried, dissolved in Bray's solution and assayed for radioactivity (0-0). Control cells were incubated with saturating concentrations of 3H-labelled DNA inactivated by DNase (roo pgfrnl) for 2 min at 37 "C. Samples (0.4 ml) withdrawn from control cultures were subjected to the same washing procedure as the experimental ones and similarly assayed for radioactivity (.--a).
Since only one strand of the transforming duplex is finally integrated in transformation of
To facilitate comparison, the retention of radioactivity depicted in Fig. I is replotted here ( A-A).
to competence by methods A and B were exposed to transforming [3H]thymidine-labelled DNA for 30min, treated with DNase, chilled, washed and resuspended in fresh medium containing a high concentration of non-radioactive thymidine. At various intervals afterwards samples were washed and assayed for cellular radioactivity. Incubation time (11) Fig. 3 . Viability of transformants in fresh medium. Maximally competent ade trpC2 cultures (method B) were exposed to wild-type DNA (3 pg/ml) for 45 min at 37 "C in the presence of thymidine ( I 60 ,ug/ml) and incubated with DNase (50 pg/ml) for 5 min at 37 "C. Cells were centrifuged at 4 "C, resuspended in 2 vol. of fresh medium supplemented with non-radioactive thymidine (100 pg/ ml) and the appropriategrowthrequirements (20 pg/mleach)and grown for 8.5 h at 37 "C. ment may be fortuitous because either there was loss of radioactivity as a result of the chilling, washing and resuspending procedure, or there was killing of transformed cells during the period of incubation in fresh medium. Fig. 2 shows the results of an experiment designed to obtain information concerning the first possibility. For that purpose, the medium was not renewed after exposure of cells to [3H]thymidine-labelled DNA and addition of DNase. The determination of radioactivity retained was limited to the first hour after exposure to DNA when the loss of radioactivity from the culture is most extensive. Control samples were exposed to DNase inactivated [3H]thymidine-labelled DNA to determine whether the release of radioactivity might be underestimated by absorption of DNase digested DNA. Since the pattern of release of radioactivity is very much the same as that of the culture which was chilled, washed and resuspended after exposure to DNA, and significant absorption of DNA breakdown products does not occur, it seems unlikely that manipulating the cultures, prior to re-incubation in fresh medium, interferes with the pattern of release of radioactivity. Fig. 3 presents the data of an experiment which shows that the absolute number of transformants remains constant during the first 2 -5 h of the incubation period in fresh medium.
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Therefore, the second possibility, that the loss of initially absorbed radioactivity is due to killing of transformed cells during the period of exposure in fresh medium, seems unlikely. The data (Table 3 ; Fig. I ) indicate that in both competence regimes there is agreement between, on the one hand, the amount of DNA integrated calculated from the transformation frequency, the size of the competent fraction, the chromosome equivalents of DNA initially absorbed, and on the other hand, the amount of [3H]thymidine-labelled DNA finally retained by a recipient culture. This relationship and its similarity in both competence regimes indicates (i) that phenotypic expression of the donor markers is close to one in both competence regimes, thus justifying the assumption that integrated donor markers are fully expressed, and (ii) that the efficiency of integration is similar in both sets of conditions.
We may conclude therefore that the competence regime-specific variation in transformability is exclusively due to variation in the size of the competent fraction and in the DNA absorption capacity of the competent cells.
DISCUSSION
In an analysis of the effect of various amino acids upon the development of competence in Bacillus subtilis Wilson & Bott (1968) have reported a substantial increase in the frequency of transfectants using bacteriophage $29 DNA, when the medium was supplemented with a mixture of 9 amino acids. Our data (Table I) show that the replacement of casein hydrolysate by these g amino acids results in a fourfold increase in the frequency of transformation. Two factors contribute to this effect: (i) an increase in the size of the competent fraction and (ii) an enhanced capacity of the competent cells to absorb DNA from the medium. The nature of the stimulating effect of the amino acids upon the development of competence is not well understood. Wilson & Bott (1968) have suggested that the inhibitory effect of a number of amino acids, present in casein hydrolysate, may be due to alterations in the cell wall structure which lead to less efficient absorption of DNA. Analogously, absorption of DNA may be facilitated by cell wall modifications if cultures are grown in the presence of stimulatory amino acids without the inhibitory ones, which are components of the Bacillus subtilis cell wall (Young, Spizizen & Crawford, 1963) . However, our results show that in the presence of the stimulatory amino acids not only is the absorption capacity of competent cells increased by a factor of 2, but the size of the competent fraction is also increased, suggesting that the mechanism governing the development of competence also determines its magnitude.
The amount of DNA absorbed per competent cell in cultures made competent by method A (approximately ~o -~p g ) corresponds with a value which can be calculated from data obtained by Cahn & Fox (1968) ; this value amounts to 1.2 x I O -~ pg. These estimates of the amount of DNA absorbed per competent cell differ from Somma & Polsinelli's (1970) data obtained by autoradiography of transformed cells; these authors found a value of 0-g x 10-l~-1 . 4~ ~o-~Opg DNA per competent cell. On the other hand, Bresler, Mosevitskii & Timkovskii ( I 963) concluded from track autoradiography experiments with Bacillus subtilis cultures exposed to 32P-labelled donor DNA that 6 x I O -~ pg DNA is incorporated per competent cell.
Contrary to the observation that the size of the competent fraction and the amount of DNA absorbed per competent cell are amenable to variation, the values calculated for the efficiency of integration appear to be constant in the two sets of conditions.
From the finding that the amount of [3H]thymidine-labelled DNA finally retained by the transformed culture agrees with the efficiency of integration obtained from the frequency of Transformability in Bacillus subtilis 423 transformation, the size of the competent fraction and the amount of DNA initially absorbed, it was concluded that phenotypic expression was complete. The conclusion is justified if radioactive DNA is equally well retained (genetically integrated) as non-radioactive DNA. However, Rosenthal & Fox (I 970) have reported that [3H]thymidine-labelled DNA loses transforming activity as a consequence of single-stranded scissions. If single strand breaks interfere with genetic integration it may well be that the amount of DNA finally retained by the cells would have been higher if the determination could have been carried out with non-radioactive DNA. The efficiency of integration determined here agrees with that reported for Bacillus subtilis by Bodmer (1965) and Cahn & Fox (1968) who found that for each transformant produced approximately two chromosome equivalents of DNA are incorporated.
Our data concerning the fraction of radioactive DNA finally retained by a competent culture are consistent with those reported by Kammen, Beloff & Canellakis (1966) who showed that, after exposure of a competent Bacillus subtiZis culture to 32P-labelled DNA, approximately 30 % of the amount of radioactivity initially absorbed by the culture is retained after a period of 6 h of incubation. Kammen et al. (1966) suggest that the exact amount of genetically integrated DNA may be less than 30% because of re-utilization of small 32P-labelled fragments. Our results are at variance with those of Somma & Polsinelli (1970) who have reported a probability of integration of one per molecule of DNA absorbed.
Our value for the efficiency of integration may have been overestimated if during the 30 min period of exposure to [3H]thymidine-labelled DNA excretion of DNA or DNA breakdown products into the medium has taken place. In fact the kinetics of release of radioactive products (Fig. I) do suggest that this occurs. However, if we assume that DNA absorption is linear during the 30 min period of exposure to DNA and that the amount of DNA excreted into the medium is a function of the amount of donor DNA present in the recipient cells, it can be calculated that the total amount of DNA absorbed may be 1.4 times in excess of the value measured; consequently, the amount of radioactivity retained may decrease to 17%. Possibly the difference between the observed and calculated value may be even less since Kammen et al. (1966) have observed that the release of [32P]DNA only starts after an initial delay.
